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Introduction  
The understanding of conductance properties of 
metal/molecule/metal junctions has attracted wide attention 
because of their potential application as an alternative to silicon 
based technologies.[1] Hence, a variety of techniques have been 
developed to scrutinize the conductance of properties of 
metal/molecule/metal junctions, at a single-molecule level[2] 
(scanning tunnelling microscopy based break junctions (STM-
BJ),[3] conducting probe atomic force microscopy break junction 
(CPAFM-BJ)[4] and mechanically controllable break junction 
technique (MCBJ))[5] and at the multi-molecular level[2a] (crossed 
wire junctions,[6] Gl-In eutectic based junctions,[7] Hg junctions[8] 
etc). By employing the above mentioned techniques, clear 
correlations between the molecular structure and the transport 
properties of molecular junctions could be derived for both single 
molecules and ensemble of molecules.[1a, 9] Therefore, 
organometallic complexes with metallic centers have attracted 
particular attention, as they often exhibit multi-trigger capabilities. 
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Abstract: The ancillary ligands 4’-(4-pyridyl)-2,2’:6’,2’’-
terpyridine and 4’-(2,3-dihydrobenzo [b] thiophene)-2,2’-
6’,2”-terpyridine were used to synthesize two series of  
mono- and dinuclear ruthenium complexes differing in 
their lengths and anchoring groups. The electrochemical 
and single molecular conductance properties of these two 
series of ruthenium complexes were studied 
experimentally by means of cyclic voltammetry and the 
scanning tunnelling microscopy-break junction technique 
(STM-BJ) and theoretically by means of density functional 
theory (DFT). Cyclic voltammetry data showed clear redox 
peaks corresponding to both the metal and ligand related 
redox reactions. Single molecular conductance results  
demonstrated an exponential decay of the molecular 
conductance with the increase in molecular length for both 
the series of ruthenium complexes, with decay constants 
of βBT= 2.07±0.1 and βPY = 2.16±0.1, respectively. The 
contact resistance of complexes with 2,3-dihydrobenzo [b] 
thiophene (BT) anchoring groups is found to be smaller 
than the contact resistance of ruthenium complexes with 
pyridine (PY) anchors. DFT calculations support the 
experimental results and provided additional information 
on the electronic structure and charge transport properties 
in those metal/ruthenium complex/metal junctions.   
 
Figure 1. Structures of ruthenium complexes with pyridine (PY) and 2,3-
dihydrobenzo [b] thiophene  (BT) anchors and their numerical designation.  
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Their conductance properties can be tuned by electrochemical 
gating,[10] light irradiation[11] and by applying magnetic field.[12]   It 
has already been demonstrated that introducing metal centers 
into the molecular backbone can lead to a significant 
improvement of the conductance.[13] Wang et al. showed that the 
incorporation of ferrocene into the OPE backbone leads to a 
significantly improved conductance in the tunneling and hopping 
regimes as compared to the conventional OPE molecules.[14] The 
electric conductance in the tunneling regime exponentially 
decreases as a function of molecular length according to 
G=Gce−βL, where β is tunneling decay parameter, GC is the 
contact conductance and L refers to the molecular length, 
respectively. Sedghi et al. reported a very low attenuation factor 
of β = 0.004 nm-1 for a series of porphyrin-based molecular 
wires.[15] Li et al. observed similar results with meso-to-meso 
ethyne-bridged (porphinato)zinc(II) structures connected to gold 
electrodes via (4-thiophenyl)ethynyl termini, are determined using 
STM-BJ method (β = 0.0034 nm-1).[16] Wen et al. showed that 
sulfur functionalized organometallic wires with ruthenium (II) 
centers have significantly higher conductance comparing to 
oligo(phenylene-ethylene) (OPE) but exhibit weaker length 
dependence.[17] Devidson et al reported the synthesis of a series 
of ruthenium complexes with different molecular lengths and 
functionalized with thiomethyl anchoring groups.[10c] STM-based 
single molecular conductance measurements showed the 
exponential decay of conductance as a function of molecular 
length with a decay parameter of 1.5 nm-1.[18] The choice of the 
linker group determines the range of relative orientations of the 
molecule with respect to the electrode. From previous studies it is 
known that pyridine (PY), 2,3-dihydrobenzo [b] thiophene (BT) 
units serving as anchor groups provide a uniform distribution of 
conductances in the break junction experiment.[19] Although, there 
are some reports on the charge transport study of organometallic 
complexes (length dependence,[17-18] electrochemical gating[10b] 
and etc) to the best of our knowledge, the anchoring group effect 
on the charge transport properties of ruthenium complexes has 
not been studied systematically.  
Here, we report the synthesis, electrochemical and single 
molecule conductance measurement of a series of ruthenium 
complexes functionalized with pyridine (PY) and 2,3-
dihydrobenzo [b] thiophene (BT) anchor groups. Fig. 1 shows the 
series of ruthenium complex molecules that we have used to 
study the particular influence of the molecular length and the 
chemical nature of the anchor group on the resulting transport 
properties. The transport properties of the complexes in Au/single 
complex/Au junctions were studied by means of the STM-BJ 
method. DFT-based calculations provide additional information on 
the electronic structure of those metal complexes in the single 
molecular junction. Most importantly, we aim to develop a 
fundamental understanding of the molecular length and anchoring 
group dependence of the electronic structure and charge 
transport properties of those ruthenium complexes that are 
confined in these single molecular junctions.  
Results and Discussion 
 
Synthesis 
We synthesized six ruthenium complexes containing three 
different ruthenium cores with different anchor groups, pyridyl 
(PY) and 2,3-dihydrobenzo [b] thiophene (BT), as depicted in the 
supporting information in Schemes S1 and S2. Both PY and BT 
groups are known to be good anchoring groups for the gold 
substrate and STM tip.[19c] 4’-(4-pyridyl)-2,2’:6’,2’’-terpyridine L1 
were synthesized by the previously reported route.[20] For ligand 
L2, the condensation reaction of 2-acetylpyridine with BT 
aldehyde occurred in similar to that previously described for 
terpyridine ligands .[20-21] Complex 1 and 2 were synthesized by 
the reaction of [Ru(L)Cl3] and ligand L at the ratio of 1:1 in 
ethylene glycol under microwave irradiation. For the preparation 
of the dinuclear complexes (complex 3-6), the microwave-
assisted substitution reaction of ancillary ligand (L1 and L2) with 
dinuclear starting complex,  ([Cl2(EtOH)Ru(tppz)RuCl3] or 
[Cl2(EtOH)Ru(btpyb)RuCl3] at a ratio of 2:1 afforded the product, 
where tppz and btpyb stand for 2,3,5,6-tetra(pyridine-2-
yl)pyrazine and 1,4-bis(2,2’:6’,2’’-terpyridin-4’-yl)benzene 
respectively.[22] These complexes were purified by Sephadex LH-
20 gel-filtration chromatography and characterized by 1H NMR 
and ESI-TOF-Mass.  
 
Cyclic voltammogram  
Figure 2 shows the electrochemical behaviour of the complexes 
studied by cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV). Key electrochemical data derived for those 
CVs are summarized in Table 1. The CV of complex 1 shows a 
well-defined one-electron oxidation wave at 0.94 V vs Fc+/Fc, 
which can be attributed to be metal-based (RuII/RuIII) redox-
reaction. In addition, two subsequent one-electron reduction 
waves at −1.53 and −1.77 V vs Fc+/Fc correspond to the 
reductions of the ancillary ligands. Complex 2 exhibits one 
oxidation wave and three reduction waves at 0.89 (irr), -1.63 and 
-1.87 V vs Fc+/Fc. The oxidation peak at 0.89 V was attributed to 
the superposition of the RuII/III couple and the oxidation of L2 
ligand. From the separate cyclic voltammetric experiment of L2 
only, irreversible oxidation process was observed at Epa= +0.61 V 
(irr) for the oxidation of dihydrobenzo [b] thiophene group 
together with two reduction peaks at -2.41 (Epc, irr), and -2.81 
V(Epc, irr) for the reduction of terpyridine moiety (Figure S1). 
Therefore, the two reduction waves at -1.63 and -1.87 V vs Fc+/Fc 
correspond to one-electron reductions of each peripheral ligand 
L2 in the complex 2. The large spike peak at Epc =-1.71 V vs 
Fc+/Fc might be associated to the desorption of the adsorbed 
reduced species.[23] Complex 3 exhibits well-defined two one-
electron oxidation waves at 1.06 and 1.39 V vs Fc+/Fc and two 
one-electron reduction waves at −0.74 and −1.23 V vs Fc+/Fc. 
According to redox behaviour of similar dinuclear ruthenium 
complexes reported previously, the oxidation waves correspond 
to (RuII-RuII)/ (RuII-RuIII) and (RuII-RuIII)/ (RuIII-RuIII) processes, 
respectively.[18, 24] The reduction waves correspond to tppz/tppz− 
and tppz−/tppz2− processes. In the more negative potential region, 
a reduction wave at -1.75 V vs Fc+/Fc for the reduction of ancillary 
L1 ligands was observed as a two-electron process, associated 
with a large desorption spike peak at -1.58 V during the reverse 
positive scanning. Complex 4 exhibits two oxidations at 1.03 V 
and 1.35 V vs Fc+/Fc waves in addition to the oxidation of 
ancillary ligands at 0.94 V.  Further, three reduction waves were 
observed at -0.76, -1.25, and -1.75 V Fc+/Fc, each of which was 
assigned to the successive reductions of tppz and two- electron 
reductions of ancillary ligands. The small desorption peak was 
observed at -1.69 V vs Fc+/Fc. In the case of the of complex 5, a 
two-electron oxidation wave at 0.94 V vs Fc+/Fc correspond to 
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Ru(II/III) couple of isolated two ruthenium cores and three 
reduction peaks at -1.54 and -1.75 and -1.86 V vs Fc+/Fc 
attributed to reductions of ancillary ligands and bridging ptpy. As 
with complex 5, the cyclic voltammogram of complex 6 displays 
one oxidation and two reduction waves observed at 0.94, -1.64, 
and -1.92 V Fc+/Fc. When L2 was used as the peripheral ligand, 
not only RuII/RuIII oxidation processes but also L2 oxidation were 
involved in the redox events. The DPV of complexes 2, 4, and 6 
can be confirmed that the oxidation process of L2 peripheral 
ligand was involved (Figure 2). 
 
Single molecular break-junction experiments: 
The transport properties of single molecular ruthenium complex 
wires were studied using STM-BJ in solution (typically 20 µM 
solution of target molecules in tetrahydrofuran (THF) / 1,3,5-
trimethyl benzene (TMB) 1:4 v/V), at room temperature and under 
argon atmosphere. The STM-BJ approach is based on the 
repeated formation and breaking of single molecule junctions 
between an atomically-sharp gold STM tip and a flat Au(111) 
substrate, and the simultaneous monitoring of the current iT or 
conductance G = iT/Vbias at constant bias voltage typically at Vbias 
= 100 mV/s.[3a, 25] More detailed information on the  
instrumentation and experimental protocols can be found in the 
experimental section and in our previous publications.[19b, 25]   
 
Figure 2.  Cyclic voltammograms (red curves) and  differential pulse voltammograms (blue curves) of complexes 1-6   in CH3CN/0.1 M TBAPF6 at room temperature. The 
number inside the graphs  correspond to the complexes in Figure 1. 
Table 1.  Electrochemical data for complexes 1-6 in CH3CN (0.1 M TBAPF6) at room temperature 
 E1/2 / V vs. Fc+ / Fc (Ep/mV) 
 
Reduction Oxidaton 




Epa E1/2 Ox1 E1/2 Ox2 
1  -1.77(53) -1.53(59)    0.94(52)  
2  -1.87a) -1.63(110)   0.89(irr)   
3  -1.75a)(2e)b)  -1.23(57) -0.74(64)  1.06(57) 1.39(85) 
4  -1.79(70)a)(2e)b)  -1.25(61) -0.76(54) 0.94(irr) 1.03(44) 1.35(100) 
5 -1.86 (72) -1.75(60) -1.54(72)    0.86(83)  
6  -1.92 a) -1.64(69)   0.94(irr)   
a)Desorption spike observed in the reverse anodic scan. b) two electron process was observed. 
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Figure 3A displays typical conductance log(G/G0) versus distance 
(Δz) traces from the measurements with pyridine terminated 
ruthenium complex 1. All traces show initially a step like decrease 
of conductance from 10 G0 to 1 G0 at integer multiples of the 
quantum conductance G0 = 2e2/h = 77.5 μS. Upon further 
stretching, the current abruptly decreases by several orders of 
magnitude and additional features, such as single conductance 
plateaus are observed at G < G0, which are attributed to the 
formation of a single molecular junction. Due to the low 
concentration of the complex in solution, a very small number of 
the cycles demonstrated a successful formation of a junction 
(>20% of curves) whereas the remaining curves showed pure 
tunneling behavior (red curves in fig.3A). Figure 3(B,C) displays 
one dimensional (1D) histograms of ruthenium complexes with 
PY(1,2,5) and BT(2,4,6) anchoring groups plotted in logarithmic 
scale. We observed clear peaks for the breaking of Au–Au 
contacts as marked by integers of G0, and one well-defined peak 
related to the molecular-junction. Most probable conductance 
values were obtained from Gaussian fits of the molecular junction 
peaks.  
Figure 3D displays the most probable conductances of the 
ruthenium complexes (1-6) as function of their molecular length 
(L). The analysis of the most probable conductance values 
reveals an exponential dependence on the molecular length (L) 
with decay constants of βBT= 2.07±0.1 and βPy = 2.16±0.1. Decay 
constant values observed in this study are similar to the values 
eported by Davidson et al.,[18] for ruthenium complexes with 
thiomethyl anchoring groups (βSMe = 1.5 nm-1). These values are 
comparable to other -conjugated molecular wires such as 
oligo(phenylene-ethynylenes) (OPEs, 2.0 - 3.4 nm-1),[3b, 14, 26] 
oligophenyleimine (OPI, 3 nm-1),[27] carotenoid polyenes (1.7 - 2.2 
nm-1),[28] oligo(phenylene-vinylenes) (OPVs, 1.7 - 1.8 nm-1).[29] 
The small differences in decay constant values between PY 
anchoring and BT anchoring groups demonstrate that the nature 
of the anchor group controls the strength of the electronic 
coupling to the metal leads, the position of the energy levels 
involved in the electron transport across the single molecule 
junction as well as their coupling into the molecular wire 
backbone.[19c]  
We also observed that the effective contact resistances RC = 1/GC, 
determined by extrapolating the G versus L dependencies 
towards L → 0), leads to the following sequence RC(BT)   < 
RC(PY), which is consistent with the results reported for oligoyne 
 
Figure 4. The iso-surfaces of the HOMOs and LUMOs for 1-6. 
 
 





Figure 3 Conductance measurements of ruthenium complex molecular wires in 
TMB/THF (4 : 1, v/v) employing a STM-BJ recorded with Vbias = 0.1 V and a 
stretching rate of 58 nm s-1. (A) typical conductance-distance traces of complex 1, 
traces with molecule in the junction (black curves) and traces without molecule in the 
junction (red curves). (B,C) 1D conductance histograms of PY(1,3,5) and BT(2,4,6) 
terminated ruthenium complex molecular wires. (“*” The small spike at log(G/G0) ≈ -
2.3 in panel B,C is an artifact related to the switching of the amplifier stage.).  (A) Most 
probable single junction conductance values of the two families of ruthenium complex 
molecular wires as determined from the analysis of 1D conductance histograms verses 
the molecular length (L). 
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based molecular wires with BT and pyridine anchoring groups.[19c, 
30] 
 
Quantum Chemical Modelling 
To further explore the electronic characteristics of these 
compounds and the electrical behavior of the junctions, we turned 
to DFT based methods. Before calculating the transport 
properties, the gas-phase electronic structures of 1–6 were  
investigated to explore the influence of ligands on the distribution 
and composition of the frontier molecular orbitals. The B3LYP 
level of theory[31] with LANL2DZ basis set[32] was used. Plots of 
the HOMOs and LUMOs are given in Figures 4 and S12.  
The quantum chemical computations indicate that the HOMOs for 
complexes 3-6 are mainly localized on -type conjugated pathway 
between the two RuII atoms, which is consistent with the direction 
of electron transport, as expected from previous studies.[17] In 
contrast, the LUMOs are distributed on orbitals of the ancillary  
 
Figure 6. Plots of theoretically computed room temperature conductances of 
Au-PY-Au junctions as a function of the Fermi energy. 
  
terpyridyl ligands on each side of the molecule. In this case the 
electronic density resident on the backbone between ruthenium 
atoms is ultra-short, which is unfavorable for electron transport. 
The HOMOs are more metal in character (42%), while the 
complexes offer LUMOs that are less metallic in character (33%). 
To compute their transport properties we placed the optimised 
structures (molecule and counter ions) between gold electrodes 
(single-add atom electrodes) grown along the (111) direction; we 
used 7 layers of 49 atoms on each electrode plus single atom, 
making a total of 344 atoms per electrode. The molecules and 
counter ions together were allowed to relax to yield the structures 
shown in Figures 5, S10 and S11. To model the effect of an 
electrochemical environment, we used two hexafluorophosphate 
[PF6]- counter ions for structures 1 and 2, and four counter ions 
for structures 3, 4, 5 and 6.  In this study, simulations were 
carried out with 6 different optimal distances χ between the 
fluorine atoms of counter ions and nitrogen atoms of the 
backbone[18]; see supplementary information for all 
electrochemical computational details. 
 
 
Figure 7. Plots of theoretically computed room temperature conductances of 
Au-BT-Au junctions as a function of the Fermi energy. 
 
The calculated conductances as a function of the Fermi energy 
for RuII complexes for two model molecular junction systems 
including Au-BT-Au and Au-PY-Au models are shown in Figures 
6 and 7. Although, a strong bond is formed between sulfur and 
gold atoms,[33] our results indicate that the conductance of the Au-
PY-Au structures is higher than that of Au-BT-Au structures. This 
result is due to the alignment between the molecular orbitals and 















Figure 8. Conductance decay constant β (nm-1) for the complex 
series 1-6 as a function of the Fermi energy. A black dashed line 
shows the choisen Fermi energy (EF=-0.53 eV) 
 
in between HOMO-LUMO gap. Thus, to enhance the contribution 
of the orbitals of RuII to the current, one should bring the HOMO 
level closer to the gold Fermi level, which is consistent with 
previous studies.[34] In addition, the conductance of the 
Table 2. The experimental (G(G0)Ex.) and theoretical (G(G0)Th.) 
conductances and decay constants (β) at EF-EFDFT=-0.53 eV. The molecular 
length (L) is the optimal distance between sulfur-sulfur atoms for Au-BT-Au 
junctions and nitrogen-nitrogen atoms for Au-PY-Au junctions. 
 
System 






[1][PF6]2 3.55x10-4 3.47x10-4 1.825 2.05 2.07 
[3][PF6]4 8.97x10-5 8.91x10-5 2.496 
[5][PF6]4 1.43x10-5 1.35x10-5 3.391 
 
[2][PF6]2 3.21x10-4 3.16x10-4 2.165 2.16 2.16  
[4][PF6]4 6.31x10-5 6.17x10-5 2.805 
[6][PF6]4 1.09x10-5 1.07x10-5 3.717 
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complexes containing one RuII redox centre is noticeably higher 
than that of complexes containing two RuII redox centres. 
Computed conductance trends (Table 2 and Fig. 7,8 and 9) 
reflects the charge-transport mechanism of phase-coherent 
tunnelling[35]. Furthermore, the short molecular length decreases 
the tunnelling distance, which leads to high conductance and vice 
versa.  
It is worth to mention that the DFT-predicted Fermi energy (EFDFT) 
is not usually reliable1f. Therefore, we treat the Fermi energy EF 
as a free parameter which we determine by comparing the 
calculated conductances of all molecules with experimental 
values and chose a single common value of EF which gave the 
closest overall agreement. This yields a corrected value of EF-
EFDFT=-0.53 eV. Examples of similar corrections can be found in 
the literature.[1f, 36] Our results show that the conductance of both 
types of molecular junctions decay exponentially in agreement 
with the experimental data as shown in Figure 8 and Table 2. 
Figure 8 shows the Fermi energy dependence of the decay 
constant (β) for the complex series with PY and BT anchor 
groups respectively. The best agreement between experiment 
and theory is shown in Figure 9, and it is obtained at EF = -0.53 
eV. (see also Fig S9 of the SI) With this choice of EF both 
computational data in figures 6, 7, 9 and experimental data in 
figure 3 show that the order of the conductance at the chosen 
Fermi energy is [1] > [2] > [3] > [4] > [5] > [6]. In addition, the 
computational β values in figure 8 and table 2 follow the trend βBT 
> βPY. Figures 6, 7 and 9 show that the conductance and 
attenuation factor are sensitive to the position of the Fermi energy 
within HOMO-LUMO gap. 
 
Figure 9. The most probable experimental conductance values, theoretically 
computed conductance values of Au-PY-Au and Au-BT-Au junctions as a 
function of molecular length (L). The theoretical conductance values are 
obtained at EF-EFDFT=-0.53 eV. 
 
Conclusion 
We presented the synthesis, electrochemical and single molecule 
conductance characterization of two series of ruthenium complex 
molecular wires with pyridine (PY) and 2,3-dihydrobenzo [b] thiophene 
(BT) anchor groups. Cyclic voltammetry data showed clear redox peaks 
corresponding to both the metal and ligand redox reactions. Single 
molecular conductance results showed an exponential decay of the 
conductance with molecular length (decay constants of βBT= 2.07±0.1 
nm-1 and βPY = 2.16 ±0.1 nm-1), indicating the tunnelling mechanism. 
The small differences in decay constant values between PY anchoring 
and BT anchoring groups demonstrate that the nature of the anchor 
group controls the strength of the electronic coupling to the metal leads, 
the position of the energy levels involved in the electron transport across 
the single molecule junction as well as their coupling into the molecular 
wire backbone. We also observed that the effective contact resistances 
RC = 1/GC, determined by extrapolating the G versus L dependencies 
towards L → 0), leads to the following sequence RC(BT)   < RC(PY), 
which is consistent with the results reported for oligoyne based 
molecular wires with 2,3-dihydrobenzo [b] thiophene (BT) and pyridine 
(PY) anchoring groups. Density functional theory (DFT)-based 
calculations provided additional information on the electronic structure 
and charge transport properties in metal/ruthenium complex/metal 
junctions.   A striking feature of the present calculations is that they 
point to HOMO-dominated transport, rather than the LUMO-dominated 
transport found in ref10c, in which a series of bis-2,2:6,2-terpyridine 
complexes featuring Ru(II), Fe(II), and Co(II) metal ions was contacted 
to gold electrodes using trimethylsilylethynyl or thiomethyl surface 
anchor groups. This suggests that the anchor groups play a crucial role 
in fixing the position of the frontier orbitals relative to the Fermi energy; 





Synthesis: 4’-(4-pyridyl)-2,2’:6’,2’’-terpyridine (ptpy, L1) and 5-
bromo-2,3-dihydrobenzo[b]thiophene were synthesized according 
to previous reports. [19a, 20] 
 2,3-dihydrobenzo[b]thiophene-5-carboxaldehyde: Under argon 
atmosphere, to a solution of 5-bromo-2,3-
dihydrobenzo[b]thiophene (1 g, 4.65 mmol), in dry THF (10 mL) 
cooled in a dry-ice-acetone bath was added dropwise n-
butyllithium solution (1.6 M in hexane) (4 mL, 6.4 mmol). The 
solution was stirred for 1 h at low temperature followed by the 
addition of dry DMF (1.2 m, 15.5 mmol). The mixture was stirred 
for overnight while the temperature was allowed to rise to room 
temperature. 300 ml of CH2Cl2 was added to the reaction solution 
and the mixture was washed with water twice. The organic layer 
was dried over Na2SO4 and the solvent removed under reduced 
pressure. The crude product was purified by silica-gel column 
chromatography (CH2Cl2) to give a white solid  (661 mg, 87%). 1H 
NMR (500 MHz, CDCl3)  = 9.88 (s, 1H), 7.68 (s, 1H), 7.61 (d, J = 
8 Hz, 1H), 7.34 (d, J = 8 Hz, 1H), 3.44 (t, J = 8 Hz, 2H), 3.36 (t, J 
= 8 Hz, 2H).  
4’-(2,3-dihydrobenzo [b] thiophene)-2,2’-6’,2”-terpyridine L2 (bttpy,  
L2): 2,3-dihydrobenzo[b]thiophene-5-carboxaldehyde (661 mg, 
4.03 mmol), 2-acetylpyridine (1ml, 8.93 mmol), solid NaOH (400 
mg, 10 mmol), and 30 NH3aq (4ml) were mixed and stirred at 
100 C for 17 h. The reaction solution was cooled to room 
temperature. 300 ml of water was added the solution and the 
precipitation was filtrated. The filtrate was washed with methanol 
several times to give white solid (707 mg, 48). 1H NMR (500 
MHz, CDCl3)  = 8.65-8.75 (m, 6H), 7.88 (t, J = 7.7 Hz, 2H), 7.77 
(s, 1H), 7.31-7.38 (m, 3H), 3.36-3.47 (m, 4H). 
Complex 1: [Ru(ptpy)Cl3] (50 mg, 0.097 mmol) and 4’-(4-pyridyl)-
2,2’:6’,2’’-terpyridine (ptpy) (30 mg, 0.097 mmol) was added in 5 
ml of ethylene glycol and the mixture solution was refluxed for 5 
min under microwave irradiation (Sikoku Keisoku Ltd. 650 W 
multimode). When the solution was turned to reddish brown, the 
solution was cooled to room temperature. 20 ml of water and 
saturated KPF6aq was added to the solution, which affected the 
precipitation of the solid product. The precipitate was purified by 
Sephadex LH-20 (eluent: 1:1, CH3CN/CH3OH, second band) to 
give [Ru(ptpy)2](PF6)2 (20.6 mg, 21%).  1H NMR (CDCN3)  = 9.05 
(s, 4H), 8.96 (d, 4H, J = 4 Hz), 8.65 (d, 4H, J = 8 Hz), 8.13 (d, 4H, 
J = 4 Hz), 7.96 (t, 4H, J = 8 Hz), 7.41 (d, 4H, J = 6 Hz), 7.19 (t, 4H, 
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J = 6 Hz). ESI-TOF MS m/z: 361.07 calcd for [M − 2PF6]2+, found 
361.06. 
Complex 2: To 5 ml of ehtyele glycol was added [Ru(bttpy)Cl3] 
(107 mg, 0.186 mmol) and 4’-(2,3-dihydrobenzo [b] thiophene)-
2,2’-6’,2”-terpyridine (bttpy) (68 mg, 0.185 mmol). The mixture 
was heated microwave irradiation for 6 min (650 W). After the 
solution was cooled to room temperature, 20 ml of water and 
saturated KPF6aq was added to the solution. After being filtered, 
the obtained solid was purified by Sephadex LH-20 (eluent: 1:1, 
CH3CN/CH3OH, second band). Removal of the solvent in vacuo 
yielded the product as a purple solid. (88 mg, 42%). 1H NMR 
(CDCN3)  = 8.96 (s, 4H), 8.62 (d, 4H, J = 8 Hz), 8.08 (s, 2H), 
7.93 (m, 6H), 7.57 (d, 2H, J = 8 Hz), 7.41 (d, 4H, J = 5 Hz), 7.16 (t, 
4H, J = 6 Hz) 3.53 (m, 8H). ESI-TOF MS m/z: 417.06 calcd for [M 
− 2PF6]2+, found 417.29. 
Complex 3: [Cl3Ru(tppz)RuCl2(EtOH)] (49.8 mg, 0.0612 mmol) 
and ptpy (42.1 mg, 0.136 mmol) was added in 5 ml of ethylene 
glycol. The mixture solution was refluxed for 4 min by 650 W of 
microwave irradiation, which induced a rapid color change to 
green. After being cooled to room temperature, the reaction 
solution was diluted with 20 ml of water. After addition of 
saturated KPF6aq, the resulting precipitate was collected by 
filtration. The residue was washed with water and purified by 
Sephadex LH-20 column chromatography using CH3CN/CH3OH 
(1:1 v/v, third band) as eluent, yielded [Ru2(tppz)(ptpy)2](PF6)4 as 
purple solid. (50.0 mg, 45%). 1H NMR (CDCN3)  = 9.20 (s, 4H), 
9.06 (d, 4H, J = 4 Hz), 8.97 (d, 4H, J = 8 Hz), 8.79 (d, 4H, J = 8 
Hz), 8.24 (d, 4H, J = 6 Hz), 8.10 (t, 4H, J = 8 Hz), 7.93 (t, 4H, J = 
8 Hz), 7.79 (m, 8H), 7.43 (d, 4H, J = 6 Hz), 7.33 (t, 4H, J = 6 Hz). 
ESI-TOF MS m/z: 303.05 calcd for [M − 4PF6]4+, found 303.04.  
Complex 4: bttpy (49.6 mg, 0.135 mmol) and 
[Cl3Ru(tppz)RuCl2(EtOH)] (50.0 mg, 0.0614 mmol) were added in 
5 ml of ethylene glycol and the mixture solution was heated for 4 
min under microwave irradiation (650 W). The reaction mixture 
was then cooled to room temperature and 20 ml of water was 
added, and the precipitate was obtained by addition of an excess 
KPF6. The resulting precipitate was subjected to gel filtration 
chromatography on Sephadex LH-20 (eluent: 1:1, CH3CN/CH3OH, 
third band), affording [Ru2(tppz)(ptpy)2](PF6)4 as purple solid. 
(89.2 mg, 76%). 1H NMR (CDCN3)  = 9.11 (s, 4H), 8.96 (d, 4H, J 
= 8 Hz), 8.75 (d, 4H, J = 8 Hz), 8.16 (s, 2H), 8.07 (m, 6H), 7.93 (t, 
4H, J = 9 Hz), 7.82 (d, 4H, J = 6 Hz), 7.72 (d, 4H, J = 6 Hz), 7.64 
(d, 2H, J = 8 Hz), 7.42 (t, 4H, J = 7 Hz), 7.29 (t, 4H, J = 7 Hz), 
3.58 (m, 8H).  ESI-TOF MS m/z: 331.45 calcd for [M − 4PF6]4+, 
found 331.64. 
Complex 5: [Ru(ptpy)Cl3] (50 mg, 0.0966 mmol) and 1,4-
di(2,2’:6’,2’’-terpyridine-4’-yl)benzene (btpyb) (26.1 mg, 0.0483 
mmol) were dissolved in 4 ml of ethylene glycol. The mixture 
solution was refluxed by microwave irradiation for 6 min (650 W). 
During heating, the solution color was changed from red brown to 
brown. After the solution was cooled to room temperature, 20 ml 
of water and an excess of KPF6 was added the solution. The 
resulting precipitate was collected by filtration. The 
[Ru2(btpyb)(ptpy)2](PF6)4 was purified by Sephadex LH-20 
(eluent: 1:1, CH3CN/CH3OH, third band) and isolated by 
evaporation of the solvent and dried in vacuo. (12.2 mg, 13%). 1H 
NMR (CDCN3)  = 9.27 (s, 4H), 9.11 (s, 4H), 8.98 (d, 4H, J = 6 
Hz), 8.84 (d, 4H, J = 8 Hz), 8.72 (d, 4H, J = 8 Hz), 8.66 (s, 4H), 
8.18 (d, 4H, J = 6 Hz), 8.00 (m, 8H), 7.52 (d, 4H, J = 5 Hz), 7.46 
(d, 4H, J = 5 Hz), 7.24 (m, 8H). ESI-TOF MS m/z: 341.06 calcd 
for [M − 4PF6]4+, found 341.03. 
Complex 6: To 20 ml of acetone was added 
[Cl3Ru(btpyb)RuCl2(CH3CH2OH)] (100 mg, 0.10 mmol) and 
CF3SO3Ag (150 mg, 0.58 mmol) and the mixture solution was 
refluxed for 3 h under dark condition. The solution was filtrated by 
celite to remove the insoluble solid and the solvent was 
evaporated. 4’-(2,3-Dihydrobenzo [b] thiophene)-2,2’-6’,2”-
terpyridine (bttpy) 100 mg (0.27 mmol) and 10 ml  of ethylene 
glycol were added and the mixture solution was refluxed at 200 
C for 3h. After being cooled to room temperature, 20 ml of water 
and saturated KPF6aq was added the solution and the precipitate 
was filtrated. The obtained solid was purified by silica gel 
chromatography using acetone/ saturatedKNO3aq (9/1 v/v) and 
Sephadex LH-20 using CH3CN/CH3OH (1/1 v/v, third ) as eluent 
to give [Ru2(btb)(bttpy)2](PF6)4 (37 mg, 18%). 1H NMR (CDCN3)  
= 9.17 (s, 4H), 9.11 (s, 4H), 8.74 (d, 4H, J = 8 Hz), 8.66 (d, 4H, J 
= 8 Hz), 8.58 (s, 4H), 8.10 (s, 2H), 7.98 (m, 10H), 7.59 (d, 2H, J = 
8 Hz), 7.47 (m, 8H), 7.21 (m, 8H), 3.55 (m, 8H). ESI-TOF MS m/z: 




All cyclic voltammetry (CV) measurements were taken using a 
ALS model 660A potentiostat with a one compartment 
electrochemical cell under an atmosphere of argon. A glassy-
carbon electrode with a diameter of 0.3 mm was used as the 
working electrode. The electrode was polished prior to use with 
0.05 μm alumina and rinsed thoroughly with water and acetone. A 
large area platinum-wire coil was used as the counter electrode. 
All potentials were measured on a saturated Ag/AgNO3 (0.01 M 
AgNO3 in 0.1 M TBAPF6 in CH3CN) electrode as a reference and 
converted to a ferrocenium/ferrocene (Fc+/Fc) couple without 
regard for the liquid junction potential. All measurements were 
carried out in acetonitrile with 0.1 M TBAPF6 as the supporting 
electrolyte. 
 
Single molecule conductance measurements 
 
The STM-BJ measurements were carried out with a Molecular 
Imaging PicoSPM housed in an all-glass argon-filled chamber 
and equipped with a dual preamplifier capable of recording 
currents in a wide range of 1 pA to 150 μA with high resolution. 
The sample electrodes were Au (111) disks, 2 mm height and 10 
mm in diameter, or gold single crystal bead electrodes. The Au 
(111) substrates were flame-annealed prior to use. A freshly 
prepared solution containing typically 20 μM of the molecule was 
added to a Kel-F flow-through liquid cell mounted on top of the 
sample. The STM tips were prepared by, electrochemical etching 
of the gold wires (Goodfellow, 99.999 %, 0.25 mm diameter). For 
each molecule up to 3000 traces were recorded for each set of 
experimental conditions to guarantee the statistical significance of 
the results. For further technical details and data analysis 




Geometrical optimizations were carried out using the DFT code 
SIESTA, with a generalized gradient approximation (PBE 
functional),[37] double-zeta polarized basis set, 0.01 eV/A force 
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tolerance and a real-space grid with a plane wave cut-off energy 
of 250 Ry, zero bias voltage and 1 k points. To compute the 
electrical conductance of the molecules, they were each placed 
between gold electrodes. The complex cations and their 
associated counter ions were then placed in the vicinity of the 
metal | molecule | metal junctions. The complexes and counter 
ions were again allowed to relax, to yield the structures shown in 
Figure 5. For each structure, the transmission coefficient T(E) 
describing the propagation of electrons of energy E from the left 
to the right electrode was calculated by first obtaining the 
corresponding Hamiltonian and overlap matrices using SIESTA 
and then using the GOLLUM code[38] to compute T(E) via the 
relation T(E) = Tr{ΓR(E)G
R(E)ΓL(E)G
R†(E)}, in this expression, 
ΓL,R(E) = i (∑L,R(E) − ∑L,R
†(E))  describes the level broadening 
due to the coupling between left (L) and right (R) electrodes and 
the central scattering region, ∑L,R(E)  are the retarded self-
energies associated with this coupling and  GR = (ES − H − ∑L −
∑R)
−1  is the retarded Green’s function, where H is the 
Hamiltonian and S is the overlap matrix (both of them obtained 
from SIESTA).  Finally the room temperature electrical 







)  where f(E) = [eβ(E−EF) + 1]−1  is the Fermi 
function, β=1/kBT, EF is the Fermi energy and G0 = (
2e2
h
)  is the 
quantum of conductance. Since the quantity (−
df(E)
dE
)  is a 
probability distribution peaked at E=EF, with a width of the order 
kBT, the above expression shows that G/G0 is obtained by 
averaging T(E) over an energy range of order kBT in the vicinity of  
E=EF. It is well-known that the Fermi energy EFDFT predicted by 
DFT is not usually reliable and therefore we shown plots of G(G0) 
as a function of EF - EFDFT. To determine EF, we compared the 
predicted values of all molecules with the experimental values 
and chose a single common value of EF which gave the closest 
overall agreement.[1f,39] This yielded a value of EF - EFDFT = -0.53 
eV, which is used in all theoretical results.  
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